Abstract: Hickory (Carya cathayensis Sarg.), an important nut-producing species in Southeastern China, has high economic value, but so far there has been no cultivar bred under species although it is mostly propagated by seeding and some elite individuals have been found. It has been found recently that this species has a certain rate of apomixis and poor knowledge of its genetic background has influenced development of a feasible breeding strategy. Here in this paper we first release SSR (Simple sequence repeat) markers developed in this species and their transferability to other three species of the same genus, Carya. A total of 311 pairs of SSR primers in hickory were developed based on sequenced cDNAs of a fruit development-associated cDNA library and RNA-seq data of developing female floral buds and could be used to distinguish hickory, C. hunanensis Cheng et R. H. Chang ex R. H. Chang et Lu, C. illinoensis K. Koch (pecan) and C. dabieshanensis M. C. Liu et Z. J. Li, but they were monomorphic in both hickory and C. hunanensis although multi-alleles have been identified in all the four species. There is a transferability rate of 63.02% observed between hickory and pecan and the markers can be applied to study genetic diversity of accessions in pecan. When used in C. dabieshanensis, it was revealed that C. dabieshanensis had the number of alleles per locus ranging from 2 to 4, observed heterozygosity from 0 to 0.6667 and expected heterozygosity from 0.333 to 0.8667, respectively, which supports the existence of C. dabieshanensis as a separate species different from hickory and indicates that there is potential for selection and breeding in this species.
INTRODUCTION
Hickory (Carya cathayensis Sarg.) is an important nontimber species in the southeast of China in such provinces as Zhejiang and Anhui, the nut of which has high nutritional [1] [2] [3] [4] [5] and economical values [6] . A high economic return based on an annual output value of US$0.413 billion (US$1 = RMB 6.30) has driven not only local farmers but also others in other provinces to develop hickory plantation on a large scale, but so far there has been no cultivar bred in this species.
Although this species is monoecious with separate male and female flowers, it has been discovered in hickory in recent years a poor polymorphism at the DNA level [7] , a high percentage (15.7%) of and significant LD (linkage disequilibrium) using AFLP (Amplified fragment length polymorphism) markers [7] and RAPD (Random amplified polymorphic DNAs) markers [8] . It is reported that the recombination fraction between the markers determines the *Address correspondence to these authors at the Nurturing Station for the State Key Laboratory of Subtropical Silviculture, Zhejiang A & F University, No. 88, North Circle Rd., Lin'an, Zhejiang Province, China (Zip, 311300); Tel: +86-571-63743858/+86-571-63732738; Fax: +86-571-63732 886; E-mails: yrzeng@zafu.edu.cn; huangjq@zafu.edu.cn proportion in which the LD between two markers decays with generation for a random-mating population [9] . And limited recombination is also responsible for a significant LD [10, 11] and a recombination rate is important in predicting levels of LD in a population [12] . Eldon reported that a high LD might be associated with a phenomenon that the offspring of a single individual replace an intermediate fraction of the population [12] . Therefore it was inferred that there might be apomictic phenomenon in hickory, which was later embryologically confirmed [13] .
So far co-dominant molecular markers have not been developed in hickory and dominant markers are still used in the genetic study of this species like other tree species [8] .
Recently it has been suggested that it is feasible to study apomixis based on linkage analysis [14] although largefragment linkage with no crossover has been reported in apomictic species [15] [16] [17] . However, linkage analysis is based on polymorphic markers. SSR (Simple sequence repeat), a co-dominant marker, has been reported in the classification of cultivars and accessions of Kentucky bluegrass (Poa pratensis L.), a facultative apomictic grass species [18] , which implies that SSR markers might be useful in the genetic study of hickory. Here in this paper, it is reported for the first time the development of SSR markers in hickory and their transferability to other species of Carya. The specific objectives were to test the feasibility of SSR markers to be used in the future study of apomixis in hickory based on statistical genetics.
METHODS

Sources of SSR-containing Sequences and Primer Design
ESTs (Expressed sequence tags) of a fruit developmentassociated cDNA library (GenBank: JN786116 -JN786290) and RNA-seq data (http://www.cls.zju.edu.cn/binfo/ hickory/) of developing and differentiating female floral buds of hickory were analyzed using SSRHunter 1.3 for identification of SSR-characterized sequences. Then SSR primers were designed using Primer Premier 5.0, which satisfied the following parameters set: 100 to 300 bp fragments to be amplified, a primer length of 18 -25 bp, a Tm of 45 -65 with a difference no more than 5 between a forward and a backward primers, a GC content of 40 -60% and avoidance of formation of a secondary structure. The designed primers were synthesized by Sangon Biotech (Shanghai) Co. Ltd.
Genomic DNA Extraction and Testing of the Primers Designed
Genomic DNAs of 32 individual hickory trees from natural populations in Daoshi Town, Henglu Township, Shunxi Town, Tuankou Town, Longgang Town and Maxiao Township of Lin'an, Anji County and Chun'an County of Zhejiang Province as well as She County and Ningguo City of Anhui Province were extracted from young but fully open leaves by a modified CTAB (Cetyltrimethyl ammonium bromide) method [19] , then measured in optical density (OD) with ND-1000 Spectrophotometer V3.3 (NanoDrop Technologies, Inc.), and electrophoresed in 1% agarose gel for quality examination and dilution. The same method was applied to isolation of DNAs of pecan, C. dabieshanensis and C. hunanensis. Leaf samples of 12 accessions were collected from a pecan germplasm-collecting garden in Yvhang of Zhejiang Province. Twenty-nine samples from seedlings of C. dabieshanensis originated from a natural population in Jiuzihe Town, Luotian County of Hubei Province and that in Yvtan Village, Tiantangsai Town, Jinzhai County of Anhui Province were used in the experiment. Fourteen samples of C. hunanensis were from Dabaozi Township, Jinzhou County of Hunan Province.
Diluted DNA was amplified with the designed primers by a method modified by Song et al. [20] . PCR products were separated in 1% Argrose gel to examine whether these primers were working or not. Repeated amplification was conducted for the primers with no amplification product to confirm they were not applicable. For those applicable primers, if their amplification products fell in the range of fragment size initially designed, amplified fragments were purified with EZ-10 Spin Column DNA Gel Extraction Kit (Bio Basic Inc.) and then ligated to a T-vector following the description of pGEM ® -T Easy Vector System I (Promega), followed by transformation using competent cells of DH5 in Escherichia coli prepared by a calcium chloride method. Positive clones selected using blue/white selection after growing on an IPTG (Isopropyl-1-thio--D-galactoside)/Xgal-added plate were cultured overnight at 37 in a liquid LB (Lysogeny broth) medium and the culture was used as a template for amplification. Then the overnight suspensioncultured E. coli was sent to Sangon Biotech (Shanghai) Co. Ltd. for sequencing of inserts to confirm the existence of SSRs if the size of inserts amplified was similar to that of the initial PCR fragment.
Screening of Primer Pairs in Hickory and Transferability of SSR Primers Developed from C. cathayensis to Other Species of the Same Genus
Those primers were thought to be applicable if their amplified products contained the same simple sequence repeat motifs by sequencing as those observed in sequences initially obtained from cDNA sequencing and RNA-seq data. Then these pairs of primers were used to amplify and separate DNAs of six hickory samples for screening of primers in terms of polymorphism.
The SSR primers that have been confirmed to be applicable to amplification in hickory were used to amplify DNAs of pecan, C. dabieshanensis and C. hunanensis to see whether these four species could be separated by SSR markers. Cloning and sequencing as described above were conducted to confirm the separation of the four species and existence of multiple alleles. For pecan, all the primers were tested and their amplification products were sequenced for validation of SSR motifs.
Comparison Between Hickory and C. dabieshanensis
Thirty-two samples of hickory and 29 samples of C. dabieshanensis were amplified with 30 pairs of SSR primers. The data obtained were then analyzed using POPGENE version 1.32 for observed number of alleles (Na), effective number of alleles (Ne), Shannon's Information index (I), observed heterozygosity (H o ), and expected heterozygosity (H e ).
RESULTS
Identification and Characterization of SSRs
Forty-three SSR-characterized loci were identified from the cDNAs sequenced of a fruit development-associated cDNA library, in which four types of di-nucleotide repeat motifs, mainly TC/GA, were found in 26 sequences (accounting for 60.5% of the total), seven types of tri-nucleotide repeat motifs, mainly GCA/TGC, found in 15 sequences (34.9%), and only one tetra-nucleotide repeat (CATG/ CATG) identified in two sequences (4.6%) [20] . A total of 1575 sequences was found out of 52274 contigs to contain SSRs from the RNA-seq data of developing female floral buds. Finally 1629 SSR loci were screened, out of which forty-nine sequences were found to have two SSR loci, five sequences three loci, and one sequence four loci. 871 loci (53.34%) were characterized by di-nucleotide repeats, followed by 543 loci (33.56%) containing tri-nucleotide repeats. There were 175 types of repeat motifs comprising of 6 types of di-nucleotide repeats with AG/CT and GA/TC dominant, 33 types of tri-nucleotide repeats mainly characterized by GAA/TTC, 30, 40 and 64 types of tetra-, pentaand hexa-nucleotide repeats, and one type each of hepta-and octa-nucleotide repeats.
Development and Testing of SSR Primers in Hickory
With SSR locus-containing sequences, 704 pairs of primers were designed as prescribed initially in parameters set. Then they were used to amplify three genomic DNAs extracted from young leaves of hickory trees. As a result, 272 pairs of primers had no PCR products and 393 pairs of primers had amplified fragments meeting the initial requirements of primer design, accounting for 58.66% of all the primers designed. Finally, it was confirmed by sequencing that a total of 311 pairs of SSR primers was developed from hickory (Appendix 1) based on the fact that their PCR products contained SSRs.
Screening of Primer Pairs in Hickory and Transferability of SSR Primers Developed to Other Species of the Same Genus
With DNAs from six randomly selected samples of hickory, all the primer pairs were tested to screen for polymorphism. Unfortunately, only monomorphism was observed among these six DNAs.
Forty-five pairs of primers developed were used to amplify four DNAs samples (each of hickory, pecan, C. hunanensis and C. dabieshanensis of Carya). Of these species tested, only does pecan have cultivars. Among these primers, 36 pairs (Cc2, Cc9, Cc13, Cc19, Cc31, Cc33, Cc35, Cc78, Cc137, Cc139, Cc140, Cc156, Cc175, Cc176, Cc183, Cc185, Cc187, Cc188, Cc191, Cc193, Cc195, Cc196, Cc197, Cc199, Cc200, Cc209, Cc221, Cc222, Cc229, Cc236, Cc245, Cc258, Cc283, Cc304, Cc306 and Cc309) were confirmed to create polymorphism in these four species, nine pairs (Cc12, Cc52, Cc177, Cc178, Cc179, Cc194, Cc198, Cc218 and Cc252) were not applicable for no amplification product and 23 pairs (Cc2, Cc19, Cc31, Cc33, Cc78, Cc137, Cc139, Cc140, Cc183, Cc191, Cc193, Cc196, Cc197, Cc199, Cc200, Cc209, Cc221, Cc229, Cc245, Cc283, Cc304, Cc306 and Cc309) could distinguish pecan from other three species, which means that primers developed have to be screened for their use in the study of multiple species of Carya. In addition, DNA fragments amplified with six pairs of primers were sequenced and proven to contain corresponding SSR motifs, which suggested that the primers developed from hickory are transferable in these species of the same genus ( Table 1) . Moreover, it had been also revealed by sequencing of PCR products that multialleles existed in these four species ( Table 2) . Similar results were also observed by Grauke et al. in pecan [21, 22] .
More DNAs samples of each species (12 samples of pecan, 29 samples in C. dabieshanensis, 32 samples of hickory and 14 samples in C. hunanensis) were used in amplification with 26 pairs of primers (Cc2, Cc12, Cc19, Cc78, Cc175, Cc176, Cc177, Cc178, Cc179, Cc183, Cc185, Cc187, Cc188, Cc191, Cc195, Cc197, Cc209, Cc218, Cc221, Cc222, Cc245, Cc258, Cc283, Cc304, Cc306 and Cc309). As a result, polymorphism occurred in C. illinoensis and C. dabieshanensis, which was not the case in either hickory or C. hunanensis. Fourteen pairs of primers (Cc19, Cc176, Cc177, Cc179, Cc185, Cc187, Cc191, Cc195, Cc197, Cc222, Cc229, Cc258, Cc306 and Cc309) were found to be polymorphic among the accessions of pecan tested.
Since pecan has been used in the reciprocal cross with hickory to study apomixis [14, 23] , sequencing of PCR fragments of pecan DNAs amplified with all the SSR primers developed from hickory was conducted. As a result, 276 pairs of primers were amplifiable but finally 196 pairs of primers were confirmed to have SSRs contained in their PCR products (Appendix 1), out of which 121 pairs could be used to distinguish hickory from pecan.
Comparison Between Hickory and C. dabieshanensis
So far only hickory and C. dabieshanensis are applied in the production of nuts, both of which have no cultivar so far and mostly propagated by seeding. The main producing area of both species is located in the areas of Tianmu Mountain bordering Zhejiang and Anhui. C. dabieshanensis, a species identified in the 1980s [24] and mostly growing in a wild habitat [25] , has been increasingly used in recent 10 years because of its high economic value to farmers in Anhui and widely extended there except hickory, which is not the case in Zhejiang where only hickory trees are planted. The nut of C. dabieshanensis is larger than that of hickory [25, 26] .
Based on the analysis with 30 pairs of primers, it suggested that there was monomorphism in hickory but it was not true in C. dabieshanensis. In C. dabieshanensis, eight pairs of SSR primers revealed polymorphism ( Table 3 ; Fig. 1 ), which indicated that these two species differed from each other in genetic background. In both species, eight amplified loci had 15 alleles obtained from hickory and 22 from C. dabieshanensis. In C. dabieshanensis, the number of alleles per locus (Na) ranged from 1 to 4 with an average of 2.75 and the even effective number of alleles (Ne) was 2.26. An average Shannon Information index (I) of 0.75 was detected. The observed heterozygosity (Ho) and expected heterozygosity (He) ranged from 0.345 to 1 and 0 to 0.752, respectively ( Table 3) . 
DISCUSSIONS
SSR markers are co-dominant, which, in theory, would be high in the rate of polymorphism in hickory that is propagated by seeding, but they are monomorphic. It has been embryologically confirmed that hickory is an apomictic species with a certain rate of outcross [13, 23] . Apomixis was reported to be regulated by a single master regulatory gene or by a gene complex comprising of several tightly linked genes that were located in a recombinationally suppressed region [15] [16] [17] , which was observed in Oryza sativa [15, 27] , Paspalum simplex [28] , Tripsacum dactyloides [29] , et al. When compared with their sexual relatives, apomictic species had cosegregated fragments that had a length of 15 -40 cM [15] , which could be regarded as a singly inherited Mendelian trait [30] . That means that apomictic species have large gene-linked fragments in a chromosome. Since development of EST-derived SSR markers is based on expressed genes and amplified SSR-containing fragments are relatively short as compared with dominant markers, it is quite possible in hickory that there is monomorphism tested with SSR markers, but this is different from the result obtained with dominant markers, in which polymorphism to different extents was observed [7, 8] . For transferability of SSR markers, it is quite possible and common among species of the same genus or even across genera of the same family [31] [32] [33] [34] for conservation of SSR loci [35] . Similar results are obtained and described in this paper, which is that the SSR markers developed from hickory are transferable to C. dabieshanensis, C. hunanensis and pecan. Apomixis is also found in pecan [23] and a transferability rate of 63.02% is observed between hickory and pecan here. In addition, it seems that types of mechanism responsible for apomixis in hickory and pecan are different for the fact that there is monomorphism in hickory tested by SSR markers but polymorphism among accessions of pecan, the latter of which is similar to the case in Kentucky bluegrass [18] . Moreover, testing of SSR markers developed from hickory in C. dabieshanensis supports the existence of C. dabieshanensis as a separate species different from hickory for its polymorphism, which is smilar to the result obtained with RAPD markers [27, 36] .
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